Weak antiferromagnetism of J e g = 1/2 band in bilayer iridate Sr 3 Ir 2 07 
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The antiferromagnetic structure of Sr3ir207, the bilayer analogue of a spin-orbital Mott insulator 
Sr2irC>4, was revealed by resonant magnetic x-ray diffraction. Contrasting intensities of the magnetic 
diffraction at the Ir Lm and Lu edges show a J c g = 1/2 character of the magnetic moment as is 
argued in Sr2lr04. The magnitude of moment, however, was found to be smaller than that of S^IrCU 
by a factor of 5-6, implying that Sr3lr 2 07 is no longer a Mott insulator but a weak antiferromagnet. 
An evident change of the temperature dependence of the resistivity at Tn, from almost temperature- 
independent resistivity to insulating, strongly suggests that the emergent weak magnetism controls 
the charge gap. The magnetic structure was found to be an out-of-plane collinear antiferromagnetic 
ordering in contrast to the inplane canted antiferromagnetism in Sr2lr04, originating from the strong 
bilayer antiferromagnetic coupling. 
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Recently, novel interplay of spin-orbit coupling and 
electron correlations in heavy 5d transition metal ox- 
ides has been attracting considerable interest as a new 
paradigm of oxide physics. In Sr2lr04, a layered Ir 4+ 
perovskite with five e?-electrons in its ti g orbitals, such 
interplay is particularly pronounced. Sr2lr04 is an in- 
sulator with a charge gap of the order of < 0.5 eV and 
shows a canted antiferromagnetism below Tn ~ 230 Kpi~— 
The insulating behavior even well above Tn and the pres- 
ence of a large localized magnetic moment of ~ 0.5/xb, 
estimated from the large canted moment 0.075 /is/Ir, 
indicate that Sr2lr04 can be viewed as a Mott insula- 
tor. The Mottness of Sr2irC>4 is believed to be associated 
with a formation of a half-filled J e ff = 1/2 band, created 
by a very strong spin-orbit splitting as large as ~ 0.7 
cV comparable to the width of the t^g band ~ 1.5 eV. 
The polarization dependence of x-ray absorption spectra 
and the contrasting resonances at L\\ and Lm edges in 
the magnetic x-ray diffraction firmly evidence J c g = 1/2 
character of the magnetic moment 

The Mottness of Sr2lr04 characterized by the charge 
gap as small as < 0.5 eV is marginal. Like some other 
tetravalent transition metal ions such as Ti 4+ , Mn 4+ and 
Ru 4+ , Ir 4+ forms a series of perovskite-based structures 
called Ruddlesden- Popper series, Sr„ + ilr„03„+i, with 
stacking of rt-Ir02 layers as structural units. Reflecting 
the marginal Mottness in Sr2lr04 (n = 1), the system be- 
comes more and more itinerant with increasing n. The 
three dimensional analogue of the series, SrlrOa (n = oo) 
is known to show a metallic transport^ Recent study re- 
vealed that the ground state of SrIrC>3 is a semimctal 
close to a band insulator^ where the lifting of band de- 
generacy by spin-orbit coupling plays a key role in pro- 
ducing the incomplete charge gap£ Very likely due to 
the presence of strong spin orbit coupling, the semimetal 
state is located almost right next to the Mott insulator. 
A question arises how the Mott insulator evolves into the 



semimctal in Sr„ + ilr„0:-j„+i. 

Sr3lr2C>7, the n = 2 member of Sr^+iIxnOsn+i, could 
be a key compound to pursue the electronic evolution 
from the spin-orbital Mott insulator to the semimetal. As 
shown in Fig.Q](a), the crystal structure consists of stack- 
ing of bilayers of corner-shared IrOg octahedra along the 
c-axis. The octahedra are rotated around the c-axis and 
the inplane Ir-O-Ir bonds are hence bent. The directions 
of the rotations are opposite for the neighboring IrOe oc- 
tahedra not only within each layer but also between the 
two layers. S^L^C^ is reported to show a semiconduct- 
ing temperature dependence of the resistivity but much 
more conducting than Sr2lr04, implying close proximity 
to the critical border to the semimetal^— A very weak 
ferromagnetic moment was observed in the temperature 
dependent magnetization below 280 K, suggesting the 
presence of magnetic ordering, but the magnetic struc- 
ture has not been fully explored yet. By determining 
the magnetic structure of Sr 3 Ir 2 07, we should be able to 
address the following issues closely linked to the evolu- 
tion of the electronic state from the Mott insulator to the 
semimetal. 

Is the Jeff = 1/2 state robust against the change of the 
crystal structure and the itinerancy of the electrons? The 
ratios of the inplane and out-of-plane Ir-0 bond lengths 
are 1.04 for Sr2lr04 and 1.02 for Sr3ir207, implying less 
distorted IrC>6 octahedral Assuming a comparable spin- 
orbit coupling to Si'2lr04, we may anticipate a formation 
of almost ideal J e g = 1/2 state. However, it is highly 
nontrivial whether the increased itinerancy could desta- 
bilize the J e ff = 1/2 state, which should be examined ex- 
perimentally. Even if the J c ff = 1/2 character holds for 
Sr 3 Ir 2 07, the estimate of the magnitude of the ordered 
moment will provide a key to examine the Mottness of 
this material. 

The magnetic structure of this material should be 
pinned down. The rotational distortion of the IrOg oc- 
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TABLE I. Atomic positions of Sr3lr207 determined by syn- 
chrotron radiation x-ray diffraction at 295 K. 
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FIG. 1. (a) The crystal and magnetic structures of Sr3ir207. 
The dashed line denotes the unit cell. Note that the volume 
of the magnetic unit cell agrees to that of the lattice. We 
label eight iridium sites (grey circles, Irj, j = . . . 7) for the 
following analysis of the magnetic structure, (b) Inplane resis- 
tivities of Sr3ir207 and S^IrCU. (c) and (d) Magnetizations 
of Sr 3 Ir 2 7 at 260 K and Sr 2 Ir0 4 at 5 K±£. 



tahcdra, alternating in each plane and opposite between 
the upper and the lower layers, could give rise to a net 
ferromagnetic canting moment when antifcrromagncti- 
cally coupled moments are lying in the plane through 
Dzyaloshinskii-Moriya (DM) interaction as is argued in 
Sr2lr04. On the other hand, the intrabilayer coupling, 
Jj_, that is absent in Sr2lr04 and perhaps antiferromag- 
netic that is comparable or even larger than that within 
the plane could conflict with the inplane canted moments. 
The reported weak ferromagnetic moment of Sr3li'207 
was in fact only 1% of that of Sr 2 Ir0 4 (< lO^^e/fr) 
and showed very peculiar temperature dependence^ We 
suspect that this could be originating from an extrinsic 
moment produced by defects. 

In this communication, we report the magnetic struc- 
ture of the bilayer pcrovskite, S^L^Oy, determined by 
resonant magnetic x-ray diffraction. The magnetic struc- 
ture was found to be collinear along the c-axis with anti- 
ferromagnetic intrabilayer coupling, in marked contrast 
to the inplane canted antiferromagnetism in Sr2lr04. We 
found that the ordered moment below Tn = 280 K has 
a J e ff = 1/2 character but that the magnitude is sub- 
stantially reduced to 1/5-1/6 of that of Sr2lr04, which 
points out that Si'3li'20 7 is a J e g = 1/2 band magnetic 
semiconductor rather than a J e ff = 1/2 Mott insulator. 

A single crystal of Sr3li'207 with a dimension of 2 
mmx2 mm x0.5 mm was synthesized by a flux method. 
The resistivity measurement was conducted by a conven- 
tional four probe technique. The magnetization measure- 
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ment was performed using a commercial SQUID magne- 
tometer. A single crystal x-ray diffraction measurement 
for the determination of the lattice structure was per- 
formed using a cylindrical IP (imaging plate) on BL02B1 
at SPring-8ii2 The wavelength of the incident x-ray was 
set to 0.354 A. Resonant magnetic diffraction measure- 
ment using a multi-circle diffractometer was performed 
on BL19LXU of SPring-8J^ The wavelength was set to 
1.106 A corresponding to the Lm edge (2p 3 / 2 — > 5d) of 
iridium for the magnetic structure analysis. The &-axis 
of the crystal was nearly kept parallel to the scattering 
plane. 

The analysis of the crystal structure indicates an or- 
thorhombic structure with the space group Bbeb and the 
lattice constants of 5.5108, 5.512, 20.8832 A, that has 
lower symmetry than IA/mmm that is reported at very 
early staged but agrees to more recent analysis.— The 
result of structural refinement is shown in Table |U We 
found that the presence of the two domains associated 
with orthorhombic distortion and that the ratio of the 
volumes of the two domains was roughly 0.7:0.3. In the 
magnetization of the crystal measured, a very weak fcr- 
romagnetism was observed below 280K only when the 
inplane magnetic field was applied. The magnitude of 
moment, however, is almost 1% of that of Sr2ix04 as 
shown in Fig. [TJc) and (d), in agreement with the pre- 
vious report. On the other hand, the reported pecu- 
liar reduction of the susceptibility below 50 K was not 
reproduced^ Additional weak ferromagnetic signal was 
observed below 230K, which we attribute to the inter- 
growth of Sr2lr04 layer From the magnetization mea- 
surement, we estimate that the intergrowth is 1 % of the 
total volume. The resistivity of the crystal in Fig. (Ub) 
showed a semiconducting temperature dependence. An 
evident anomaly at the magnetic transition temperature 
is observed suggestive of a close interrelation between the 
magnetism and the motion of electrons. Above the mag- 
netic transition temperature, Tn ~ 280 K, the magnitude 
of the resistivity is as low as p ~ 10 mficm and weakly 
temperature dependent. This suggests that the system 
is a poor metal or a very narrow gap semiconductor at 
high temperatures. 

How about magnetism? We found the (0 1 13) reflec- 
tion in the IP at 30 K when the incident wavelength of 
x-ray was tuned at the Lm edge of iridium, that is prohib- 
ited in a .B-base centered lattice and apparently shows an 
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in/plane antiferromagnetism. To elucidate the magnetic 
correlation along the c-axis, particularly the unknown in- 
trabilaycr coupling, we performed a resonant magnetic x- 
ray diffraction experiment by a four-circle diffractometer 
for (0 1 I) reflections. The magnetic diffraction evolves 
below 280 K as shown in Fig.[2](b), which evidences that 
the anomaly in the magnetization originates from the an- 
tifcrromagnctic long range ordering. Upon cooling, the 
magnetic diffraction evolves monotonously, excluding a 
possibility of the second magnetic transition at ~ 230 K. 
The magnetic diffraction that is normalized by the in- 
tensity of the charge diffraction (I m (0 1 13)// c (0020)) is 
reduced to nearly 1/150 to that of a spin-orbital Mott in- 
sulator Sr 2 Ir0 4 (I m (l 22)/7c(0 24)) as shown in Fig.[2] 
(a) plausibly originating from the itinerant character of 
electrons. It is to be noted that the structure factors of 
the charge diffractions, i*b 020 of S^I^Oy and i*b 024 of 
Sr2lrC>4, have nearly the same magnitudes. Despite the 
contrasting difference in the diffraction intensities, the or- 
dered moment keeps a J c g = 1/2 character like Sr2ir04 
evidenced by the strong enhancement at the Lni edge as 
shown in Fig. [5] (c). 
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FIG. 2. (a) The resonant magnetic diffraction normalized by 
the charge scattering of Sr 2 Ir0 4 (7 m (l 22)/7 c (0 24)) and 
Sr 3 Ir 2 07 (im(0 1 13)/J C (0 20)). (b) Temperature evolution 
of the magnetic diffraction (0 1 13). (c) Strong enhancement 
of the diffraction at the Lm edge (ch/X = 11.2 keV) is ob- 
served while only small diffraction is observed at the Lu edge 
(ch/X = 12.8 keV). 



(scattered) x-ray, m = m a e. a J rm\>e\ ) J r'm c e. c is the ordered 
moment and FhM denotes the structure factor. 
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FIG. 3. (a) Intensities of the resonant magnetic x-ray diffrac- 
tion at (0 1 I) (blue circle). We encountered a technical dif- 
ficulty in measuring (0 1 8) reflection by the geometry of the 
diffractometer, and this is missing. Orange dashed line is 
the calculated intensity for the antiferromagnetic intrabilayer 
coupling with moment parallel to the c-axis assuming a mix- 
ture of 90 rotated domains by a factor of 0.7 to 0.3. See 
the detail in the text, (b) Calculated l-Foiil 2 01 f° ur possi- 
ble magnetic structures with intrabilayer magnetic couplings 
(/i = i/b) and interbilayer antiparallel (AP) and parallel (P) 



relations (/o 
and c. 



=F/ 2 ). (c) The X e CT ) ■ e a | 2 for e a || a,b 



A continuous I scan along (0 1 I) detects no magnetic 
superspot, which shows that the magnetic periodicity 
along the c-direction agrees to the c of the unit cell con- 
taining four IrOg layers. When we denote the direction 
(sign) of the moment at Irj site as fj(j = ... 7) (Fig. [1] 
(a)) under a condition of inplane antiferromagnetism for 
each Ir02 plane evidenced by the IP measurement as, 
fx (3,5,7) = ~fo (2,4,6); t ne squared structure factor at (0 
1 I) is calculated as, 



We show in Fig. [3] (a) the I dependence of the magnetic 
diffraction. Under the resonance condition at the L edge, 
the diffraction intensity is described as, 



I(hkl) oc |(e' x e) -m\ 2 \F, 



hkl 



(e w > x e CT ) -mflF, 



hkl I 



where e(e') is the polarization vector of the incident 



\F 01l \ 2 = 4[sin 2 0(f o - h + (-l)'/ 2 - (-1)7 4 ) 2 
+ cos 2 #(-/ - f 6 + (-l) l f 2 + (-l)'/ 4 ) 2 ], 

using 9 = 2?r • 0.0974 • I. 

The possible magnetic structures are limited to 4 cases 
depending on the intrabilayer magnetic couplings (J±, 
/*4 = ±/2 for ferromagnetic (antiferromagnetic)) and the 
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interbilayer relations (/o = T/2 for antiparallel (paral- 
lel)), of which \F 01l \ 2 are plotted in Fig. 02(b). The sign 
of J± determines the phase of the overall I dependence 
with a periodicity of 1/(2 • 0.0974) = 5.13, and the plot 
in Fig. [3] (b) apparently shows an antiferromagnetic in- 
trabilayer coupling. 

The smearing-out of the even-odd alternating l- 
dcpcndcnce of the observed diffraction is originating from 
the presence of two structural domains in the crystal. Us- 
ing the ratio of the domains of 0.7 to 0.3 deduced by the 
crystal structure analysis, the observed intensity is ex- 
pected as 7(010 oc OJKe^ x e CT ) • e a | 2 |F i ; | 2 + 0.3|( e7r , x 
Co-) • e^pli^io/l 2 , where ep should be 90° rotated to e a 
around the c-axis J£ The calculated |(e w / x e CT ) • e a \ 2 for 
a = a,b and c show contrasting I dependences as well as 
the magnitudes as shown in Fig. [3] (c) . Under the condi- 
tion of the sample orientation with 6-axis parallel to the 
scattering plane, the m a e a gives negligible contribution 
to the diffraction because of e CT || e a . The only choice of 
the unit vectors to smear out the even-odd alternation 
is e a = ep = e c , therefore, we conclude that the or- 
dered moments are directed along the c-axisJ^ We plot 
in Fig. [3] (a) the calculated I dependence of the diffrac- 
tion considering the structural domains and c-directed 
moments with antiferromagnetic J± , which shows a good 
agreement with the observed magnetic diffraction. The 
determined magnetic structure as shown in Fig. [1] (a) 
well resolves the absence of weak ferromagnetic moment 
and the negligible magnetization below Tn (< 0.001 [Ib 
at 260 K), because the moments lie parallel to the DM 
vectors. 

The most plausible source to realize the collinear mag- 
netic structure along the c-axis is the antiferromagnetic 
J_i_. In contrast to the inplane Ir-O-Ir bond that is bent 
with 11°, the straight bond along the out-of- plane direc- 
tion connecting two layers with nearly the same distance 
expects a considerable J± with nearly the same or even 
larger than the inplane antiferromagnetic exchange. We 
consider that this large J± can conflict with the DM in- 
teraction favoring inplane canting of the moments, and 
as a consequence to avoid the competition, the moments 
are directed parallel to the DM vectors. 

The observed magnetic diffraction normalized by the 
charge diffraction is nearly 150 times smaller than that of 
Sr2ir04. Even considering the reduction of the diffrac- 
tion intensity originating from the difference of the di- 
rections of the moments by a factor of [\(e n > x e CT ) • e a \ 2 
at (1 22)]/[\(e„, x e CT ) • e c | 2 at (0 1 13)] - 5, a strong 
reduction of the squared moment \m c (S^I^Oy) /m a 
(Sr 2 Ir04)| 2 ~ 1/30 is suggested. While the magnitudes 
of the ordered moments of different samples cannot pre- 
cisely be determined solely by resonant x-ray diffraction, 
the moment of S^I^Oy is considerably reduced to 1/5 



- 1/6 of that of Sr2lrC>4, i.e. ~ 0.1 ^s/Ir- The reduced 
magnetic moment clearly shows that the magnetism of 
Sr 3 Ir 2 07 should be better described by a band mag- 
netism of J c ff = 1/2 electrons rather than a Mott in- 
sulator. The anomaly in the resistivity is very clearly 
observed at Tn, implying the band magnetism is control- 
ling the poor-metal insulator transition. One may argue 
the possibility of the formation of a Slator insulator or 
an SDW state below Tn»^ We, however, note that the 
magnetic structure revealed has the same unit cell as the 
unit cell of the lattice and a band folding associated with 
the antiferromagnetic ordering would not be anticipated. 
In this respect, neither Slator nor SDW scenario in their 
most naive form can be applied here and much more elab- 
orated picture should be invoked. It is interesting to note 
here again the contrast between Sr2lr04 and Sr3ir207. 
Only a minute change in the crystal structure alters the 
system from a strongly localized magnet to a weakly lo- 
calized band magnet, which we believe represents a ex- 
tremely delicate interplay of Coulomb U, kinetic energy 
t, spin-orbit coupling and lattice. 

In conclusion, we disclosed the antiferromagnetic 
structure of the bilayer perovskite iridium oxide, 
S^L^Oy, by resonant magnetic x-ray diffraction. De- 
spite much more itinerant character of electrons than 
the spin-orbital Mott insulator, Sr2ir04, J c s = 1/2 elec- 
tronic state holds for this material. The ordered magnetic 
moment is directed along the c-axis, which explains the 
absence of the remnant ferromagnetic moment, plausibly 
originating from the competition of the intrabilayer an- 
tiferromagnetic exchange and the Dzyaloshinskii-Moriya 
interaction. Apart from the resemblance of the antifcr- 
romagnetism and Tn to Sr2lr04, the ordered moment is 
strongly reduced down to nearly 1/5 to that of Sr 2 Ir04, 
showing that the electronic state is no longer a Mott in- 
sulator but a band magnet. A considerable interplay be- 
tween the magnetism and the transport is demonstrated, 
where the emergent moment appears to control the tran- 
sition from a poor metal (narrow gap semiconductor) to 
an insulator. In the course of this study, we noticed a 
result of magnetic x-ray diffraction of this sampled The 
magnetic structure proposed is consistent with the cur- 
rent study. 
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